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tyrosinase; suicideinactivation; catecholase; cresolase; α -oxidation; deprotonation © 2007 Tohoku University Medical Press When catechols are oxidised by tyrosinase there is a consistent anomaly in the oxygen stoichiometry. This phenomenon is amplified as the enzyme concentration is reduced. At low enzyme concentration the reaction ceases before either the substrate or the oxygen are depleted and further substrate supplementation or re-oxygenation have no effect. However, further enzyme addition re-initiates the reaction and the extent of further oxidation is a linear function of the amount of enzyme added. The effect is not due to a nonspecific influence of protein addition and re-initiation of oxidation is not observed when heat-inactivated tyrosinase is added to the reaction mixture. It is clear, therefore, that, during the oxidation of the substrate, a process occurs that catechol substrate as a cresol, i.e. a "cresolase" presentation as opposed to a "catecholase" presentation (Mason 1955) . This leads to the catechol being oxidised to form a product able to undergo deprotonation and reductive elimination of an ortho-quinone which results in inactivation of the enzyme by formation of copper(0) at the active site. A similar mechanism may account for the inhibitory properties of resorcinols.
MATERIALS AND METHODS

Chemicals
The reagents used in this study were purchased from Sigma-Aldrich, Poole, Dorset, UK. Tyrosinase (from Agaricus bisporus) was made up at a concentration of 300 (Sigma) units per ml in 0.1 M phosphate buffer (pH 7.4), frozen in aliquots of 5 ml, and stored at -20°C. Solutions of substrates were freshly prepared in glass distilled water. The agents tested included a range of potential tyrosinase substrates shown in Table 1 . The following compounds were not commercially available and were prepared by the literature methods cited: 4,6-dimethylresorcinol (Cram and Cranz 1950) ; 4-fluorocatechol (Corse and Ingraham 1951) ; (3-hydroxyphenyl) acetonitrile (Salkowski 1884) . 4-Methoxycatechol was prepared by Mr. C.J. Cooksey (University College London) and 3,6-dimethylcatechol was provided by Professor Marco d'Ischia (University of Naples).
Oximetry
Experiments were conducted at 30°C using an apparatus consisting of a quartz cuvette (3.65 mls capacity) adapted to hold a Clark-type oxygen electrode, as described previously (Cooksey et al. 1997) . Spectrophotometric data were recorded using a HewlettPackard diode-array spectrophotometer (Model 8452A) and the oxygen uptake monitored using a Yellow Springs Instruments (Model 5300) polarimeter. Oxygen electrode tracings were converted to electronic form using ScanIt software (Version 1.0, J. van Baten and R. Baur 2002). Kinetic analysis was conducted using the Origin 61 program (OriginLab Co., Northampton, MA, USA). Simulations were performed using an in-house computer model. Spectral changes were examined using the kinetic mode of the UV-Vis Chemstation A0801(66) software (Agilent Technologies, Hannover, Germany). Unless otherwise stated the assays were performed at pH 6.75 with a substrate concentration of 820 μ M and enzyme concentrations between 1-10 units/ml. The total oxygen inactivates tyrosinase. This phenomenon, often referred to as "suicide inactivation", is a characteristic of several enzymes (Walsh 1984) and has long been recognised as a feature of both plant and animal tyrosinases (Nelson and Dawson 1944) .
The biological significance of the reactioninactivation may be as a limitation of the activity of an enzyme generating potentially cytotoxic oxidation products. It has been the subject of many studies (Asimov and Dawson 1950; Ingraham et al. 1952; Tomita and Seiji 1977; Seiji et al. 1978; Tomita et al. 1980; Lerch 1983; Miranda and Botti 1983; Waley 1985; GarciaCanovas et al. 1987; Tudela et al. 1988; Haghbeen et al. 2004; Garcia-Molina et al. 2005) , but the details of the mechanism of the inactivation have remained unclear.
Two general mechanistic proposals to account for the inactivation have been advanced: (1) an attack by the ortho-quinone product of oxidation on a sensitive nucleophilic group vicinal to the active site (Ingraham et al. 1952) , and (2) a free radical attack on the active site by reactive oxygen species generated during the catalytic oxidation (Seiji et al. 1978 ). However, experiments in which ortho-quinone binding was prevented failed to influence inactivation and attempts to protect the enzyme with radical scavengers proved unsuccessful (Tomita et al. 1980; Dietler and Lerch 1982) .
In this study we examined the reaction-inactivation of mushroom tyrosinase using a range of substrates and have examined both the kinetics of the process and structural aspects of the substrate specificity. From these data we have derived a plausible mechanism of suicide inactivation. A kinetic model of catechol metabolism by competing alternative pathways, one yielding the normal ortho-quinone oxidation product and the other generating a product that inactivates the enzyme, closely simulates the kinetic features of the phenomenon and exhibits a near-linear relationship between the extent of oxidation and the amount of added enzyme, as found experimentally. In this paper we propose that the inactivation mechanism involves a presentation at the active site of the utilization was found to fit the equation:
where U t = oxygen utilised at time t; E 0 = initial amount of enzyme; k 1 = oxidation rate; k 2 = inactivation rate of the enzyme. From the total oxygen utilized (U T ) the oxidation rate was derived as: k 1 = U T .k 2 /E 0 . The standard test substrate was 4-methylcatechol which exhibits a linear relationship between the total oxygen utilization and the amount of enzyme (U T = 24.1 nanomoles oxygen per unit, r 2 = 0.9577). To test for residual catecholase activity (RA cat in Table 1 ) 4-methylcatechol was added at the end of the oxygen uptake or after 5 minutes if no oxygen uptake was observed and the secondary oxygen utilization measured and expressed as a percentage of the control value. 4-Methylphenol was used as competitive cresolase substrate and for the estimation of residual cresolase activity (RA cr in Table 1 ).
RESULTS AND DISCUSSION
The structure-activity comparison is summarized in Table 1 .
The data divide the compounds tested into four categories: (1) compounds that are oxidised by tyrosinase as demonstrated by oxygen utilization and which lead to inactivation (entries 1-9); (2) compounds that are oxidised but are not inactivating (entries 10-13); (3) compounds that show no oxygen uptake and are not associated with any detectable loss of activity (entries 14-21); and (4) compounds that show no oxygen uptake but are associated with loss of residual activity against the standard 4-methylcatechol substrate (entries 22-25).
Catechols, with the exception of 3,6-dimethylcatechol (entry 19) and 4-nitrocatechol (entry 18), are substrates for tyrosinase and exhibit oxygen uptake, although in position 3 an alkyl group greatly hinders the oxidation rate (entries 10 & 11) and fluoride (entry 8) diminishes the relative inactivation rate. Substitution in the 4-position alters the oxidation (k 1 ) and the inactivation (k 2 ) rates to differing extents. For example, the nitro function (entry 18) prevents oxidation by tyrosinase whilst fluoride (entry 2) decreases the relative inactivation rate. The ratio k 2 /k 1 represents the proportion of inactivating to catalytic reactions and this varies between 1.4 and 10% for the compounds tested. Inactivation was confirmed by zero residual activity (RA in Table 1 ) of the enzyme after cessation of oxygen uptake. Residual activity was tested both for catecholase (RA cat ) and cresolase (RA cr ) using 4-methylcatechol and 4-methylphenol as substrates respectively.
Of the benzenetriols, 1,3,5-benzenetriol (entry 15) was neither a primary substrate nor an inactivator. 1,2,4-Benzenetriol (entry 12) was shown to be a substrate for tyrosinase and seemed to possess little inactivating activity, but the experiments had to be performed at pH 3.5 (indicated by note [a] in Table 1 ) to halt the rapid autoxidation of this compound, so direct comparison with the data from other compounds is not possible. Pyrogallol (1,2,3-benzenetriol) (entry 13) was a primary substrate and exhibited no inactivating effect.
Hydroquinone (entry 14) and 3-ethylhydroquinone (entry 21) were neither primary substrates nor inactivators but hydroquinone was found to be oxidised indirectly by redox exchange with 4-methyl-ortho-quinone in the test for residual catecholase activity (RA cat ) of the enzyme (indicated by note [b] in Table 1 ). This phenomenon was also observed with some other compounds that were not directly oxidised by tyrosinase, notably 1,3,5-benzenetriol (entry 15). The anomalous additional oxygen utilization found in the RA test may have been due to the generation of competitive substrates.
Resorcinols (entries 22,23,25) were not primary substrates and failed to show oxygen utilization. However, inactivating activity was demonstrated by the marked reduction of residual enzyme activity in the case of 4,6-dimethylresorcinol (entry 22), resorcinol (entry 23) and 4-ethylresorcinol (entry 25). This effect was also evident with (3-hydroxyphenyl) acetonitrile (entry 24) but not 3-methoxyphenol (entry 20). 2-Methyl-and 2,5-dimethylresorcinol (entries 16,17) were neither substrates nor inactivators.
The minimum set of conditions consistent The general structure of the substrates investigated is illustrated with variations in the substituents at various positions on the ring indicated in the Table. Four general categories of substrates are indicated: (a) Compounds oxidised and exhibiting inactivation kinetics (entries 1-9); (b) compounds oxidised but which fail to exhibit inactivation kinetics (entries 10-13); (c) compounds that show no oxygen utilization and no inactivation (entries 14-21); and (d) compounds that show no oxygen utilization but possess inactivation properties (entries 22-25). The column labelled "oxy" indicates observable oxygen utilization in the presence of tyrosinase. The calculated oxidation (k 1 ) and inactivation (k 2 ) rates permit the estimation of the proportion of reactions leading to inactivation. Following exposure to each compound the residual cresolase and catecholase activities of the enzyme are shown as RA cr and RA cat .
In the case of entries 9-13 it was not possible to carry out the RA tests (indicated as "nd") as there was no end-point to the prior oxidation reaction. In the case of entry 12 the oxidation experiments were conducted at pH 3.5 (indicated by [a] in the Table) . In the case of entries 14 and 15 (indicated [b] in the Table) there was spectrophotometric evidence of the generation of secondary products by redox exchange, possibly forming competitive substrates. with these data may be stated as follows:
1. Substrate binding is to one of the active site copper atoms through a hydroxyl group in position 1. 2. "Catecholase" substrate binding to the active site involves a hydroxyl group in position 2 binding to the second active site copper atom. 3. In "cresolase" substrate binding the oxygen insertion to the ring is in position 2. 4. Substrate binding is prevented by a hydroxyl group in position 4. 5. "Cresolase" substrate binding is excluded by a hydroxyl group at position 5.
On this basis the mechanism that we now propose is that the inactivation of tyrosinase during catechol oxidation is due to the catechol being capable of an alternative "cresolase" presentation (Scheme 1). The recent crystallographic determination of the structure of the dinuclear copper active centre of Streptomyces tyrosinase (Matoba et al. 2006 ) permits the assignment of the likely orientation of substrate binding. The normal cresolase presentation of phenols assumes that the orientation of the phenyl ring in the enzymesubstrate complex is approximately orthogonal to the plane defined by the copper and oxygen atoms (Decker et al. 2006) , as proposed by Canters and co-workers (Van Gastel et al. 2000; Bubacco et al. 2003) . This differs in orientation significantly from the assumed catecholase configuration in Scheme 1. Alternative presentations of catechols to oxy-tyrosinase. The normal binding of catechols to oxy-tyrosinase ("catecholase" presentation) is indicated on the left; whereas the alternative "cresolase" presentation (shown on the right) is the normal mode of binding of phenols to oxy-tyrosinase.
which the binding of the adjacent hydroxyl groups requires the phenyl ring to be oriented approximately in the same plane as the active site copper and oxygen atoms. Oxygen addition to the catechol ring by cresolase activity generates an intermediate product which can undergo deprotonation and reductive elimination as shown by the curly arrows in Scheme 2. We propose that this in situ deprotonation leads to the inactivation of the enzyme by formation of Cu(0), which does not bind to the histidine ligands. This is consistent with the experimental observation that 50% of the copper is lost from the active site during catechol inactivation (Dietler and Lerch 1982) .
According to the model outlined above the progressive enzyme inactivation observed during catechol oxidation is therefore the result of a proportion of the substrate being processed by the cresolase route. The rate of this process involves a combination of the relative likelihood of the alternative modes of substrate binding and the rate of deprotonation.
In the light of the proposed cresolase action of tyrosinase on catechols it seems likely that the inhibitory action of 1,3-dihydroxybenzene derivatives (resorcinols) might also come about through a similar mechanism (Scheme 2).
Some of the differences in the observed structural effects on the inactivation reaction (Table 1 ) may be attributable to substituent influences on the rate of deprotonation. Slowly deprotonating oxidation products may be released as the α -hydroxyquinone and, by redox exchange Scheme 2. Deprotonation and reductive elimination of "cresolase"-bound catechols or resorcinols.
The curly arrows show the effect of deprotonation leading to the reduction of copper (Cu(II) Cu(0)), elimination of an ortho-quinone and inactivation of tyrosinase.
with a catecholic substrate, yield the 1,2,3-trihydroxy products. There is evidence in the literature of enzymatic 5-hydroxylation of L-dopa (Hansson et al. 1980 (Hansson et al. , 1981 Agrup et al. 1982; Carlberg et al. 1984; Burzio and Waite 2002) which appears to confirm the ability of tyrosinase to oxidise catechols by the cresolase route. Significant evidence favouring our proposed mechanism is the failure of pyrogallol (1,2,3-trihydroxybenzene) to exhibit inactivation kinetics since, owing to the active site constraints 4 and 5 outlined above, this substrate, due to the three adjacent hydroxy groups, is unable to present in the requisite cresolase orientation. This is also consistent with the ability of 4-methylphenol (a primary cresolic substrate) to act as an inhibitor of the inactivation reaction by competition for cresolase binding by the catechol (Fig. 1) . The deprotonation step envisaged in Scheme 2 is supported by the data showing that inactivation takes place in the presence of (3-hydroxyphenyl) acetonitrile (entry 24, Table 1 ), which is capable of deprotonation, but not with 3-methoxyphenol (entry 20), which is not.
Because our proposed inactivation mechanism involves oxygen insertion into the phenyl ring, inactivation is restricted to oxy-tyrosinase. During catechol oxidation this form of the enzyme is regenerated from met-tyrosinase (Lerch 1983) so that all of the initial enzyme is eventually inactivated, as observed. The proposed inactivation mechanism is entirely consistent with the data we have presented relating to tyrosinase from Agaricus bisporus. Further investigations will be required to demonstrate that it is a satisfactory general explanation of tyrosinase suicide inactivation but, in view of the strongly conserved structure of the active site (Spritz et al. 1997) , we believe that it is likely that a similar mechanism is responsible for the observations in all tyrosinases. If, as we propose, suicide inactivation of tyrosinase depends on anomalous catechol oxidation, the slow accumulation of catechols by the indirect generation in the predominantly cresolase system involved in mammalian pigmentation would account for the delayed inactivation of tyrosinase in melanosomes (Seiji et al. 1978; Tomita et al. 1980) . In view of the involvement of a deprotonation as part of the proposed inactivation mechanism it would be anticipated that the relative rate of inactivation (k 2 /k 1 ) will be influenced by the proton concentration. Preliminary experiments conducted with 4-methylcatechol indicate that this is indeed the case, with a reduction in relative inactivation at lower pH (δ [k 2 /k 1 ] = 6.7 × 10 -2 per pH unit; r 2 = 0.9194). We plan to examine this aspect further in a subsequent publication.
In our proposed mechanism the enzyme inactivation is the consequence of the formation of zero-valency copper. We are not aware of other examples although, in principle, metal detachment from coordinating ligands might be anticipated as a route of metallo-enzyme inactivation. Attempts to reactivate the inactivated tyrosinase by Cu(II) addition were unsuccessful which may indicate the requirement for a "caddie" protein (Matoba et al. 2006) , or that further damage to the metal-binding site of the enzyme is involved. It is possible that dioxygen may bind to the remaining copper atom of the inactivated tyrosinase leading, via a radical mechanism, to histidine damage, as Semi-logarithmic plot of the reduction in the proportional inactivation rate (k 2 /k 1 ) of tyrosinase by 4-methylcatechol with increasing concentration of 4-methylphenol.
described by Dietler and Lerch (1982) .
